ABSTRACT: Laser ablation with inductively coupled plasmamass spectrometry (LA-ICP-MS) was used to measure elemental concentrations at the 100-μm scale in a 3-dimensional manner within a basaltic clast sample collected from the Hanford 300 Area in south-central Washington State, United States. A calibration method was developed to quantify the LA-ICP-MS signal response using a constant-sum mass fraction of eight major elements; the method produced reasonable concentration measurements for both major and trace elements when compared to a standard basalt sample with known concentrations. 3-Dimensional maps (stacked 2-D contour layers, each representing 2100 μm × 2100 μm) show relatively uniform concentration with depth for intrinsic elements such as Si, Na, and Sr. However, U and Cu accumulation were observed near the sample surface, consistent with the site's release history of these contaminants. U and Cu show substantial heterogeneity in their concentration distributions within horizontal slices, while the intrinsic elements are essentially uniformly distributed. From these measured U concentrations and published grain size distributions, gravel and cobbles were estimated to contain about 1% of the contaminant U, implicating the coarse fraction as a long-term release source.
INTRODUCTION
Contaminant release from Department of Energy sites threatens groundwater and riparian quality in many locations, most notably at the Hanford, Savannah River, Oak Ridge, and Nevada Test sites. At the Hanford site, an estimated 202,703 kg of U was released to the vadose zone during site operations between 1940 and 1990, with three major contaminant plumes identified. 1 These Hanford U plumes have a combined area of 1.6 km 2 , within which dissolved U concentrations exceed the U.S. Environmental Protection Agency's maximum contamination level of 30 μg/L (1.2 × 10 −7 mol/L). One of the plumes, located at the Hanford 300 Area, contains an estimated 33−59 Mg of uranium (U), 240 Mg of copper (Cu), and 113 Mg of aluminum (Al), along with other dissolved metals from the fuel fabrication process. These materials were deposited in process ponds and trenches over a period of approximately 32 years, from 1943 to 1975. 2, 3 Uranium in the contaminated sediments at the 300 Area was found in several forms, including low-solubility uranyl-copperphosphate (metatorbernite) and cuprosklodowskite, highsolubility uranyl carbonate and uranophane, and surfacecomplexed uranyl species. Long-term release of U is likely controlled by those forms of uranium that are entrapped in C-, Al-, and Si-rich coatings, intragranular pore domains, and fracture spaces. 2, 4 Sediments in the Hanford 300 Area are up to 92 wt % gravel and cobbles (>2 mm). 2 The fines (silt and clay <53 μm) comprise as little as 2% of the total sediment mass, but hold a disproportionately high concentration of U. 5 Concentrations and speciation of U in the fines have been investigated using a variety of methods. 4, 6, 7 U(VI) speciation has been primarily determined by X-ray absorption spectroscopy (XAS 2, 8 ) , and by cryogenic laser-induced fluorescence spectroscopy (CLIFS 7 ). Both XAS and CLIFS measurements indicate that contaminant U(VI) exists primarily in the form of carbonate and phosphate precipitates in the upper vadose zone, and as adsorption complexes on phyllosilicates and Fe(III) oxides in the lower vadose zone. 1 Whereas groundwater U concentrations range from 5 to 150 μg/L, solid-phase U concentrations in sediment fines can be as high as 250 mg/L. 4 However, few studies have examined the concentration of U in gravel and cobbles, because of the low concentration and detection limit with the abovementioned methods. For example, the operational detection limit for U(VI) via XAS is approximately 50 mg/kg, and that for CLIFS is 15 mg/kg; these limits exceed the background U concentration in Hanford sediments, which ranges from 1.47 to 5.10 mg/kg. 1 Furthermore, what is usually measured for gravel and cobbles is the total concentration, rather than a distribution of spatial concentrations (e.g., refs 5,9) .
Kinetically controlled release of U(VI) has been observed for both uranyl and nonuranyl mineral structures and surface complexes (e.g., refs 5,10,11) . Such release may function as a long-term contaminant resupply mechanism even after active remedial activities, resulting in persistent groundwater contamination. The kinetic mass transfer is conditioned on several multiscale processes, including dissolution/desorption, intragrain diffusion, chemical kinetics, and flow conditions. 5,10−12 However, most research on kinetic release behavior is based on modeling interpretation of laboratory column tracer experiments, few of which worked with gravel or cobbles (e.g., 5). To our knowledge, there are no experimental studies investigating U concentration profiles (i.e., from surface to deep inside) within the coarser particles. Such a study would better constrain the contaminant distribution across particle sizes, inform remediation efforts, and aid understanding of long-term kinetic release from the coarse sediments.
Laser ablation, coupled with inductively coupled plasma-mass spectrometry (LA-ICP-MS), is a method for multielemental, microscale concentration measurements, with a higher sensitivity than can be achieved with XAS or CLIFS. Many geological, environmental, and forensic applications of LA-ICP-MS have been reported (e.g., refs 13−15). However, some have considered LA-ICP-MS only semiquantitative, because of the lack of matrix-matching calibration standards. 16 Attempts to more rigorously quantify LA-ICP-MS data involve calibration of the (changing) mass response of the ICP-MS, and correction for the difference in ablation yield between the sample and calibration standard. 15 Two calibration methods are commonly used, the most common of which requires an internal standard. 17 The internal-standard method requires that the concentration of at least one (usually major) element be known for, and uniformly distributed within, the sample. However, this is rarely the case in geological samples, and in fact, smaller laser spots are expected to yield greater local geochemical heterogeneity. The other method utilizes the sum of 100% of all sample constituents as a normalization standard, and therefore does not require an internal standard; 18−22 this method is better suited to heterogeneous geological samples. 22, 24 In this paper we present a methodology for automated 3-D LA-ICP-MS elemental mapping and develop a modified calibration algorithm to the aforementioned sum to 100% method. We apply the methods to a basaltic clast sample from the Hanford 300 Area, and discuss results for both intrinsic and contaminant elements. Finally, we examine implications of our findings for the U mass fraction distribution in coarse Hanford sediments.
MATERIALS AND METHODS
2.1. Sample Description. Sediment samples (<8 mm fraction) were collected from the smear zone (lower vadose zone, ∼3−4 m below ground surface) of the Integrated FieldScale Research Challenge (IFRC) site at the Hanford 300 Area. The site is ∼100 m from the Columbia River, and the smear zone is affected by river stage oscillations with an amplitude of up to 1 m/d and >2 m per season. 23 Samples were air-dried and dry-sieved into four size classes of <75 μm, 75−500 μm, 500− 2000 μm, and 2−8 mm, having respective mass fractions of Laser ablation was conducted in a 2100 μm × 2100 μm area on the surface of the basaltic clast sample. The laser spot was set to 100 μm in diameter, so with 100 μm spacing between spots, 21 × 21 = 441 spots were sampled for each depth (layer) in the mapped area. An automatic grid spot analysis protocol was developed by synchronizing the timing between laser firing and ICP-MS data collection for each spot. Each layer required 4−7 h to complete depending on the number of laser pulses, with more pulses requiring more time. Each grid spot in the sampling area received nine sets of pulses, numbering (in order) 20, 20, 60, 60, 200, 200, 500, 500, and 500. Depths of some test ablation craters in a polished Hanford basaltic grain were measured with an Alpha-Step IQ Surface Profiler (KLA Tencor, Milpitas, CA), giving a mean ablated depth in this rock of 14 μm per 500 pulses from this system.
Standard reference material 610 (SRM 610), obtained from National Institute of Standards and Technology (NIST, Gaithersburg, MD), was chosen as the external reference material for quantitative calibration. SRM 610 has a concentration of ∼500 ppm for about sixty trace elements. Before, during, and after the basaltic clast measurements, SRM 610 was ablated and measured at 6 different locations, with each location having spot size of 100 μm and receiving 20 laser pulses.
2.3. LA-ICP-MS Data Correction and Calibration. Signal intensity (counts per second, CPS) is proportional to the sample concentration (C) and the ablation yield volume (V):
where k i is a lumped coefficient which accounts for the influence of different ablation properties, variations in the laser output or interaction with the sample, and variations in aerosol transport. The subscripts r and s respectively refer to reference material and sample, while the superscript i denotes the element being measured. Therefore, the concentration of element i in the sample can be calculated as
where K i is the ratio of ablation yield parameters between reference material and sample. In each laser firing, V r and V s are the same for all elements in reference and sample, respectively. k i can be different for each element, but the ratio k r i /k s i should be constant across all elements, considering the similarity of laser output and aerosol transportation to ICP-MS for each element. Therefore, K i can be assumed to be constant for all elements.
If an internal standard were available to ratio the signal response, then we would have
where the superscript is denotes internal standard, and we could calculate C s i with an internal standard as
However, as discussed in Section 1, there is usually no suitable internal standard, especially for materials with heterogeneous mineralogical and chemical composition. An alternative quantification method, originally proposed by Gratuze, 18 uses the total concentration of oxides of all elements (C s o ) as the basis for calibration:
However, different oxide states (e.g., Fe) increase the uncertainty in back-calculating C s i from C s o , as ICP-MS analyses do not distinguish between oxidation states for Fe. Furthermore, collecting all elements requires an extremely wide dynamic range of the detector, posing a challenge. 27 Therefore, in this work we modify Gratuze's 18 method to use as a basis the sum of eight major elements (Na, Mg, Si, Al, K, Ca, Fe, and Mn). These elements show a stable value of 51.8 ± 1.1% for the combined elemental composition across 13 different rocks including 2 basaltic clast samples (Table S2) . With the unit of concentration being mg/kg (ppm), eq 6 can be modified to
and combining eqs 2 and 7, K i can be calculated as
This modified method is derived explicitly based on the concentration of each element without distinguishing between oxidation states, and requires measurement of only 8 major elements by LA-ICP-MS; it is therefore more practical to implement than Gratuze's original method. 18 Of course, if elemental composition data were available for a specific geologic sample, the constant mass fraction could be modified accordingly.
Before using the equations above to calculate C s i , all CPS i data were normalized to a per-pulse basis, because different numbers of pulses were applied to the reference material, and to different depths in the basaltic clast sample. CPS i per-pulse data were then corrected for time drift of the ICP-MS according to the liquid internal standards' response. Signal intensities for the four liquid internal standards were essentially stable over 3 days' run time, with a slight decrease over the first 28 h (see Figure S1 for details). The CPS i for each liquid internal standard was normalized based on the signal intensity at the first data point of LA-ICP-MS mapping for the basaltic clast sample. Normalized signal intensities, with values 0.6−1.2, were then used as the time drift correction factor (TD) to account for temporal signal intensity changes of ICP-MS:
The TD values for 6 Li, 45 Sc, 115 In, and 209 Bi were used for elements within atomic mass ranges of <23, 23−63, 85−142, and 208−238, respectively.
2.4. Mapping Display Routine. Elemental concentrations at the 441 sampling spots were identified by their x−y grid coordinates, so concentrations could be displayed by location; a similar mapping routine was described in Koenig et al. 27 Gridbased concentration data were compiled for each element and depth in an Excel spreadsheet, then imported into the Surfer plotting program (Golden Software, Golden, CO). Surfer's kriging algorithm was used to interpolate the map surface between grid points. The resulting 2-D contour plots of different depths were skewed and overlapped with fixed interval in Adobe Photoshop (Adobe, San Jose, CA) to manually generate a stack of 2-D maps (i.e., a 3-D map) for each element. Each element was assigned a consistent false-color spectrum to span the concentration range found across all layers, with colors ranging from green and yellow for low and moderate concentrations to dark red for high concentrations.
RESULTS AND DISCUSSION
3.1. Data Processing and Quality Assessment. The value of K i was calculated based on the time-drift corrected signal intensity per pulse for each grid location and depth. Calculated K i values at each depth are usually in the range of 0.5−5, and high K i values occur only in a few specific areas ( Figure S2) . A high value of K i corresponds to a low signal intensity (eq 3), and hence is likely to be caused by small V s . For example, the highest K i in layer 2 is 116; at this spot the CPS i for U is 10.6, while the average CPS i for U in this layer is 338. Likewise, the average CPS i for U in layer 2 for K i > 5 is 53.6, while that for K i < 5 is 367.3. But small values of V s increase the measurement uncertainty. Therefore, all points having K i > 5 were discarded from subsequent analysis. Because the high K i spots account for fewer than 3% of the data points, removing them has a negligible effect on the mapping results. The average K i value after removing the >5 values is 1.5, with a standard deviation of 0.6. This indicates similarity and consistency between the reference material and sample with respect to ablation properties and aerosol transport conditions, which in turn justifies the data quality of the experiment. The layer-average K i values from surface to interior were 1.10, 1.40, 1.18, 1.27, 1.31, 1.40, 1.85, 1.95, and 1.94. Considering that other ablation properties and transport conditions are likely similar, the slightly increasing K i value probably indicates ablation yield volume V s decreased with increasing depth. This is not unexpected for depth profiling analyses of LA-ICP-MS, since holes tend to become slightly narrower with increasing laser pulses and sampling depth. 28 Our tests show that laser pulse is linear to crater depth of at least 35 μm (the upper limit for the profilometer used). For the sake of convenience our analysis assumes constant per-pulse ablation volume with depth, as the end depth was 58 μm in this study.
Averaged C s i for the elements of interest (both overall volume average, and average of the deepest three ablation layers), including the eight major elements, were compared to the concentrations of the USGS Oregon basalt sample (BCR-2). The cumulative mass fraction of the eight major elements of the Hanford basaltic clast (52.0% and 51.8%) is close to that of the BCR-2 (53.2%) ( For the trace elements, differences between the Hanford basaltic clast and BCR-2 are mostly within ±30%, except for Rb (overall average only), Cu, U, and Ce (Table 1 ). U and Cu are known contaminant elements at the Hanford 300 Area. The elemental fractionation difference between the reference material and sample, exhibiting different matrix composition, is another obstacle for getting quantitative concentration measurement using LA-ICP-MS analysis. 16 We expect that the elemental fractionation between SRM 610 and basaltic clast sample was reduced through the use of a short-UV laser (213 nm) to produce relatively small-sized aerosols, and the use of helium as the carrier gas to transport aerosols to ICP-MS detector for enhanced signal sensitivity.
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3.2.1. Mapping Results. Intrinsic and Possible Contaminant Elements. Figure 1 shows 3-D maps of three elements that are intrinsic to the basaltic clast sample: Si (30.5% of the clast), Na (2.6%), and Sr (369 mg/kg). Maps for other intrinsic elements and possible contaminant elements (V, Ni, and Zr; c.f. 33) are shown in Figure S3 in the Supporting Information. Distributions of Si, Na, and Sr with depth are basically uniform, with slightly higher concentrations of Si and Na near the surface.
To facilitate comparison of concentration profiles among different elements, we first define a relative average concentration. Each element's concentration was averaged over the 441 spots of each depth (layer). These average concentrations were then normalized by dividing by the average concentration of the three deepest layers. Consistent with the 3-D maps, Si and Na concentrations show similar increases ( Figure S4 ) near the surface of the basaltic clast. Conversely, Ca concentration decreases slightly toward the surface, possibly because Ca-containing minerals are either leached away, or dissolved when near the grain surface. Possible contaminant elements V, Ni, Ba, and Th have higher concentrations in the middle layers, from 1.1 to 4.5 μm. This may indicate some historical precipitation or adsorption onto the grain, followed by ongoing dissolution or desorption from the grain. Nevertheless, the concentration variations for these elements are small compared to the major contaminant elements U and Cu.
3.2.2. Known Contaminant Elements U, Cu, and Al. U and Cu show accumulation at the surface layers (Figure 2 ). The Cu concentration is well distributed within each layer, while U in the near-surface layers is concentrated at just a few spots. This suggests the possibility of two distinct types of contaminated microsites, one having relatively high concentrations (>30 ppm) but occurring in a few discrete points, the other with relatively smaller concentrations (<30 ppm) but occurring more continuously. Below the first three near-surface layers (2.8 μm), U concentration rapidly approaches the background level of ∼2.3 ppm, except for several spots at the right-bottom area where above-background concentrations extend to 4.5 μm. Mean U concentration C U as a function of depth l in μm (Figure 3) is well characterized by (10) where χ ≈ 20 μm is the depth beyond which U concentration is constant, B is the background U concentration (given by the mean of layers deeper than χ as 2.3 mg kg −1 ), and b ≈ 13.8 μm slightly steeper slope for U indicates a greater tendency toward precipitation or sorption for U than for Cu. The high Cu concentration spots at the bottom layers may be caused either by preferential diffusion pathways or by high background at those spots. According to Arai et al. 2 and Singer et al., 4 evidence shows that U at high concentration spots coexists with Cu as metatorbernite (Cu(UO 2 PO)·8H 2 O) in the upper vadose zone of the Hanford 300-Area. Our basaltic clast sample was collected from the smear zone, and the U and Cu maps show that while high U concentration spots correspond to high Cu concentration, there are also high Cu spots without high U. This implies that U in the smear zone may also exist as other forms such as an adsorbed phase, as seen in the lower vadose zone. 11 In addition to U and Cu, we also see accumulation of Rb at the grain surface ( Figure S3 in the Supporting Information), consistent with the 33.3% overabundance of Rb in Hanford basaltic clast compared to that in BCR-2.
Aluminum was reported to be present in the 300 Area contaminant in the form of a dissolved aluminum cladding (basic sodium aluminate) within the copper−uranium−nitric acid solutions. 2 However, no accumulation of Al at the outer layers is observed ( Figure S3 in Supporting Information); in fact, Al actually has a lower relative concentration near the surface ( Figure S4 ), suggesting that rather than the basaltic clast being a repository phase for contaminant Al, some intrinsic Al was leached out.
3.2.3. Interpretation of Spatial Patterns of Element Distribution. The extreme chemistry (extreme pH values, very high salts, etc.) of the released waste, and the oscillating groundwater table, complicate the interpretation of 3-D element distributions within our basaltic clast sample. During the 32-year contaminant release period (1943−1975) , water mounded beneath the ponds, dispersing the waste during emplacement. The pH of the pond water ranged from 1.8 to 11.4: when the water was acidic, sodium hydroxide was added to the waste stream in an attempt to minimize mobilization of Cu and U in the vadose zone. 33 Furthermore, the site is bounded to the east by the Columbia River, the stage of which oscillates both daily and seasonally (e.g., 23). The resulting dynamic flow conditions could yield a complex scenario of dissolution, sorption, and back-and-forth intragranular diffusion of various elements within the basaltic grain.
The 3-D mapping is strongly anisotropic, having a depth resolution in the range of 0.5−15 μm, while spatial resolution in the other two dimensions is fixed at 100 μm by the laser spot diameter. This anisotropy is evident in how closely different layers of the 3-D element maps resemble each other, and highlights the extremely rapid decreases in U and Cu concentrations with depth. Intragranular pores in the Hanford basaltic clast are expected to have widths in the range of nanometers to micrometers, so we may infer that the high U and Cu concentrations indicate intragranular pores where U and Cu have been adsorbed. Spatial covariance of the various elements (Table S3) shows that U concentration is strongly correlated with those of Cu (a known contaminant), Th (a possible contaminant), and intrinsic elements Mn and Ce. Most (Table S3 ) are due to elemental composition of common minerals. For example, Ca is correlated with Mg because they co-occur in carbonates and some rock-forming minerals in basalts, and is negatively correlated with Na, Al, Si, and K. Likewise, Fe, V, and Ni substitute for each other in some minerals because of their similar ionic radius, giving rise to their strong co-occurrence. The correlation between Al and Na may be ordinary mineralogy, or it may indicate Al precipitation following injection of NaOH at the 300 Area.
3.2.4. Estimation of U Mass Fraction in Gravel and Cobbles. Most work on the Hanford 300 Area has focused on the <2 mm fraction, because most of the sorbed U(VI) is associated with carbonate and phosphate minerals, clays, and micas. 23 However, the Hanford sediments are predominantly gravel and cobbles. U in this coarse fraction (>2 mm) is usually expressed as a mean concentration for the bulk grains, but because mean U concentration of a crushed cobble is generally below detection limits, 1 it is hard to reliably estimate the percentage of contaminant U that is associated with the coarse fraction. For example, according to the particle size distribution and U concentration measurement in Liu et al., 5 gravel and cobbles may contain from 0% to 83.2% of the total U. Our measurements of the outer 58-μm skin of a coarse basaltic grain, combined with the 0.1 mg/kg detection limit achieved by LA-ICP-MS, enable us to reduce that uncertainty.
The particle size distribution at the 300 Area is quite variable: "a remarkable feature of the sediments is the variation in grain size distributions over a small lateral or vertical scale". 34 For this analysis we used two particle size distributions: core IFRC-C6210, sampled at approximately 64-cm intervals to a depth of 19 m, and a composite sample of the 300 Area smear zone. Properties are shown in Table 2 . For a given particle radius R, we calculate the mass M of contaminant U as
where ρ, the bulk density of basalt, is assumed to be 2.65 kg L −1 . Dividing the mass of contaminant U by the mass of the whole particle then gives a mean concentration for that particle size. Within each particle size class, we used the geometric mean radius. The mean concentration for the fraction of (sand + fines), reported by Liu et al. 5 as 47.8 nmol/g (= 11.4 mg/kg), was used for all particles <2 mm.
When the background U is set to B = 0.0 in eq 11, the coarse fraction contains just over 1% of the total U (Table S4) . But when background U is set to our measured value of 2.3 ppm, the coarse fraction contains approximately 30% of the contaminant U. That is, almost all of the U in the coarse fraction is naturally occurring. Nonetheless, U concentrations near the surface of the rocks in the coarse fraction are well above the background level. Further testing is required to better assess how representative these results are of the 300 Area as a whole, and thus to evaluate the importance of the coarse fraction as a long-term source of contaminant U. 
